Abstract The measurement of ground reaciion forces is imporiani in the biomechanical analysis of gaii and other motor activities. Ii is ihepurpose ofihis siudy to show ihe feasibility of ambulatoiy measurement of ground reaciion forces using two six degrees offi-eedom sensors mounted under the shoe. One sensor was mounied under the heel, the other under ihe forefooi, rhus allowing normal gaii wiihjlaion ofthe foot duringpush-ofi The measuremeni of the ground reaction force was evaluated in a healthy subject, who walked repeaiedly over a force plate. The ground reaciion force reconstructed ?om the insirumented shoe sensor signals corresponded well wiih the force plate measurements. the RMS difference between ihe moduli of both ground reaction force measurements was 18.4 * 3.1 N (2.3 =k 0.4 % of maximal vertical ground reacfion force) over 12 evaluated trials. The RMS distance of ihe center of pressure esiimaies of both measuremeni systems after optimal alignment was 3.1 =k 0.4 mm.
Introduction
Ground reaction forces (GRF) are currently measured using lab-bound force plates built in the floor. In most cases one or, at the most, two plates are available. This limits GRF measurement seriously: fust of all, the subject needs to place his or her foot or feet completely on the force plate in order to perform a correct measurement of the total ground reaction force. In walking trials this means that subjects have to walk exactly over the force plates. Secondly, only one or two steps during a gait trial can be measured, while there is, in general, a large variation in the ground reaction forces between steps, related with differences in muscle activation and body movement. Thirdly, when standing on a single force plate, the GRF of a single foot can not be distinguished, the 0-7803-8566-7/04/$20.00 0 2004 IEEE 701 plate only measures the total GRF. Fourthly, the use of fixed force plates impede ambulatory GRF measurement in any place during daily-life activities at home and at work. The only ambulatory altematives to force plates used to our knowledge are pressure sensor matrices, placed inside the shoe [l]. It should be noted, however, that matrices of pressure sensors only allow the estimation of the vertical component of the GRF, not the shear components. In addition, pressure measured by pressure sensor matrices applied inside the shoe, does not add up to the GRF under the shoe, because of the pressure induced by the fitting of the shoe. A method to estimate GRF using insole pressure sensors and additional knowledge of body movements has been proposed [2], but an independent measurement of GRF is preferred. Sheets that can measure all components of stress inside a shoe have been proposed [3], but are not yet used in regular human gait analysis. Recently, also carpets of pressure sensor matrices on the floor are used [I]. This allows more than two steps to be measured, but is, like force plates, not an ambulatory system. . _. The objective of the current paper is to present a new methods for ambulatory measurement of ground reaction forces, using an instrumented shoe, and to present preliminary data demonstrating the feasibility of this new method.
Methods

Instrumented shoe
We propose to measure GRF using two six degrees of freedom force and moment sensors under each foot, one under the heel and one under the forefoot ( figure I ). This arrangement allows for the flexion of the sole of the shoe during push off in gait, resulting in normal to nearnormal gait. In principle, one sensor per shoe could be sufficient, hut the construction of a shoe that would allow normal gait would he difficult. The specifications of the applied sensor (ATI-Mini45-SI-580-20, supplier: Schunk, Amhem, NL) are given in table 1. 
Preliminary experimental evaluation
A healthy subject participated in a preliminary experiment. He wore an instrumented shoe on the right foot containing two 6 DOF force and moment sensors (figure 2). The left shoe was equipped with dummies instead of actual sensors. The subject repeatedly walked over an AMTI force plate in the movement analysis laboratory of the University of Twente. The trial consisted of three or four strides, of which one step of the right foot was on the force plate. The ground reaction forces were calculated from the signals of both the force plate and the instrumented shoe. The estimates of the modulus of the ground reaction force were compared by determining their RMS difference. In addition, the center of pressure trajectories were estimated from the measured signals of both systems. The RMS distance of both trajectories after optimal alignments were evaluated during the right stance phase.
Results
The GRF measurement of the sensor system matches well with the GRF measured with the force plate. This is illustrated in figure 3 . This figure shows the modulus of the heel and forefoot sensors and the modulus of the s h of both forces during a gait trail with a healthy volunteer. When comparing this sum to the modulus of the force plate GRF measurement, a good match was found ( figure   3 ). The R M S difference hetween the moduli of both ground reaction force measurements was 18.4 f 3.1 N (2.3 i 0.4 % of maximal vertical ground reaction force) over 12 evaluated trials. The R M S distance of the center of pressure estimates of both measurement systems after optimal alignment was 3.1 + 0.4 mm.
Conclusions
Our study demonstrates the feasibility of ambulatory measurement of the ground reaction force under each foot by using two 6 DOF force sensors per shoe. This allows normal or near-normal gait, with the possibility to flex the sole of the shoe during push-off in gait. This development yields the possibility to perform full biomechanical analysis of body movements during daily-life activities at home and at work. In our future research we will further evaluate the accuracy of the estimate of modulus and orientation of the GRF and of the center of pressure, the influence of the insbentation of the shoe on foot movement and the feasibility of using the instrumented shoes on patients with central neural disorders. 
Discussion
It should be noted that the force, measured in sensor coordinates was directly used to constitute the modulus of the sum of heel and forefoot force. During the start and end of the step, the sensor may rotate with respect to the ground. Apparently, this does not cause measurable errors in the presented analysis, indicating that the implicit assumption that the sensors are flat on the ground when loaded is acceptable under the conditions of this measurement (see figure 3) . It should be noted, however, that a correction for sensor orientation is certainly possible when this orientation is measured. In an ambulatory condition, this would require the use of ambulatory movement sensors [4-61. In addition, it should be noted that separate GRF analysis is provided for each foot when instrumenting both feet.
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